Introduction
============

Pituitary adenomas are relatively common and account for 10--15% of all intracranial tumors, with an incidence of \~3 cases per 100,000 people globally ([@b1-ol-0-0-11601]--[@b4-ol-0-0-11601]). Meningioma is one of the most common intracranial tumor types, with an estimated incidence of 7.86 cases per 100,000 people per year, \~80% of which are benign and World Health Organization classification grade I ([@b5-ol-0-0-11601]--[@b8-ol-0-0-11601]). In contrast, pituitary adenoma associated with meningioma (PAM) is a rare disease, with only 33 cases described before 2017 ([@b9-ol-0-0-11601]). The tumorigenesis of PAM remains unknown and there are currently no known epidemiological or well-characterized genetic associations between meningioma and pituitary adenoma.

*MEN1* is located on chromosome 11q13 and is composed of 10 exons that encode a 610 amino acid protein called menin. Mutated forms of *MEN1* include nonsense mutations, missense mutations, frameshifts and insertions. Multiple endocrine neoplasia type 1 (MEN-1) syndrome is an autosomal dominant disease caused by germline *MEN1* mutations, which lead to the development of multi-focal neoplastic endocrine lesions of the parathyroid glands, endocrine pancreas, duodenum, anterior pituitary, and less commonly, the stomach, adrenal cortex, thymus and lungs ([@b10-ol-0-0-11601]--[@b12-ol-0-0-11601]). In addition, various non-endocrine lesions may occur in the skin, central nervous system (CNS) and soft tissues. Asgharian *et al* ([@b13-ol-0-0-11601]) reported that meningioma may be a component tumor of MEN-1, and mutations in the *MEN1* gene may participate in its pathogenesis. The present study revealed that 5/23 samples from patients with PAM harbored the recurrent germline mutation *MEN1* c.1523G\>A; p.G508D. However, none of these patients exhibited MEN-1 syndrome-associated symptoms other than the presence of the pituitary adenoma.

Materials and methods
=====================

### Patients

There were 8,197 patients with pituitary adenoma admitted to Beijing Tiantan Hospital (Beijing, China) between January 1, 2005 and December 31, 2017 who were retrospectively reviewed. The average age was 44.17±13.1 years (ranging from 4--84 years), with 4008 male patients (48.9%) and 4189 female patients (51.1%), M/F ratio of 1:1.05). All patients were classified according to preoperative imaging, including hormone, plain and enhanced head magnetic resonance imaging, thin layer skull base computed tomography scanning and three-dimensional reconstruction. Patients who were diagnosed with meningioma and pituitary adenoma simultaneously or successively were included in the present study. The clinical data of patients with MEN-1 were referred by a previous study ([@b14-ol-0-0-11601]). A total of 119 patients with sporadic pituitary adenoma (SPA) were selected from the 8,197 patients. They were recruited randomly from Beijing Tiantan Hospital between January 1, 2005 and December 31, 2017. Written informed consent was obtained from all of these 119 patients with SPA.

The present study was conducted in accordance with established ethical guidelines as outlined in the Declaration of Helsinki and was approved by the Ethics Committee of Beijing Tiantan Hospital. Written informed consent was obtained from all participants.

### Tissue samples and histology

Tissue samples were obtained from the department of neurosurgery, Beijing Tiantan Hospital. Fresh tumor tissue samples were immediately snap-frozen in liquid nitrogen and stored at −80°C. A total of 23 patients with PAM (23 pituitary adenoma tissues, nine peripheral blood samples and seven meningioma tissues) were subjected to next generation and Sanger sequencing ([Table SI](#SD1-ol-0-0-11601){ref-type="supplementary-material"}).

### Genomic DNA preparation and whole exome sequencing

The genomic DNA from blood and formalin-fixed and paraffin-embedded (FFPE) samples was extracted using the DNeasy blood and tissue kit (Qiagen, Inc.) and the GeneRead DNA FFPE kit (Qiagen, Inc.), respectively, according to the manufacturer\'s protocol. DNA degradation and contamination were assessed using a 1% agarose gel and the concentration was measured using a Qubit^®^ DNA Assay kit and a Qubit^®^ 2.0 Flurometer (both Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocols. For whole exome sequencing (WES), the genomic DNA from 23 patients with PAM, including 23 pituitary adenoma samples, nine peripheral blood samples and seven meningioma tissues, were fragmented using a S220 Focused-ultrasonicator (Covaris, Inc.), with resultant library fragments 180--280 bp in length, according to the manufacturer\'s protocol.

### Sequence data quality control

The original fluorescence image files obtained from the HiSeq X10 platform were transformed to short reads by base calling and recorded in FASTQ format, which contained sequence information and corresponding sequencing quality information. After excluding reads containing adapter contamination and low-quality/unrecognizable nucleotides, clean data were used for downstream analyses. Additionally, the total read number, sequencing error rate, percentage of reads with average quality \>20 or \>30, and GC content distribution were calculated.

### Read mapping and somatic genetic alteration detection

Valid sequencing data were mapped onto the reference human genome (UCSC hg19) using Burrows-Wheeler Aligner software to obtain the original mapping results in BAM format ([@b15-ol-0-0-11601]). SAMtools version 1.0 ([@b16-ol-0-0-11601]), Picard version 1.111(1901) (broadinstitute.github.io/picard) and GATK version 3.1--1-g07a4bf8 ([@b17-ol-0-0-11601]) were subsequently used to process the BAM files, and to perform duplicate marking, local realignment and base quality recalibration to generate the final BAM files for computing the sequence coverage and depth.

The tumor and blood samples were subjected to WES and the mean coverage was \~500× for tumor samples and \~100× for matched blood samples. MuTect version 1.1.4 and Strelka version 1.0.1 were used to identify somatic single nucleotide variations (SNVs) and small insertions and deletions (InDels), respectively, in the paired tumor and normal blood samples ([@b18-ol-0-0-11601],[@b19-ol-0-0-11601]).

### Cloning frequency analysis

Pituitary adenoma, meningioma and blood samples from one patient with PAM were used for cloning frequency analysis and phylogenetic tree construction. The cloning evolutionary analysis was based on the purity of the tumor samples, the change in the copy number and the allele frequency of the somatic mutation, and was used to calculate the cancer cell fraction (CCF) and to identify tumor sample subgroups. PyClone is a hierarchical Bayesian model that infers the cellular prevalence of each variant (the proportion of tumor cells in a sample that contains the variant), and clusters variants based on the covariance of these prevalence estimates across multiple samples obtained from the same patient ([@b20-ol-0-0-11601]). PyClone software (version 13.0) ([@b20-ol-0-0-11601]) was used to perform clonality and evolutionary analyses based on the information obtained on genetic somatic mutations and copy number variations (CNVs) of the pituitary tumor and meningioma. For each variant, the CCF was defined as variant allele fraction (VAF)=p × CCF/\[CT × p + CN (1-p)\], where CT is the copy number of the tumor sample, CN is the copy number of the matched normal blood sample and p is the tumor purity. Clonal status was defined according to the confidence interval of the CCF. For each somatic mutation, the VAF was calculated using the number of reads supporting the variant allele (Rmut) and the number of reads supporting the reference allele \[Rnorm; namely, VAF=Rmut/(Rmut + Rnorm)\].

### Phylogenetic tree construction

Phylogenetic trees for the multiple tumor samples obtained from the same patient were constructed manually. Only somatic non-synonymous mutations were considered and point mutations and InDels were incorporated. Somatic non-synonymous alterations that were shared in both pituitary adenoma and meningioma in the same case were counted towards the trunk; likewise, private mutations, those mutations only present in either the pituitary adenoma or meningioma, were counted towards the branches. The length of the trunk and branches were proportional to the number of somatic non-synonymous mutations.

### Sanger validation

*MEN1* candidate point mutations identified from exome sequencing were validated using Sanger sequencing. Genomic sequences around candidate mutations were obtained from the National Center for Biotechnology Information. Primers were designed using Primer 3 software (version 0.4.0; bioinfo.ut.ee/primer3--0.4.0) and were as follows: *MEN1*, forward 5′-CCGTGAGTTGCAGCTTGATG-3′ and reverse 5′-CAACCTTGCTCTCACCTTGC-3′.

The DNA samples obtained from the 23 patients were subjected to PCR to validate the candidate mutation *MEN1* c.1523G\>A; p.G508D. The PCR mixture contained 25 µl 2X TSINGKE Master mix (blue) (TSINGKE) (<http://www.tsingke.net/shop/>), 22 µl double distilled H~2~O, 1 µl 10 µM forward and reverse primer, and 1 µl template DNA at 10 ng/µl, resulting in a final volume of 50 µl. The thermocycling conditions were as follows: 5 min at 94°C; 10 cycles of 30 sec at 94°C, 30 sec at 61°C and 1 min at 72°C; 30 cycles of 30 sec at 94°C, 30 sec at 56°C and 1 min at 72°C; and 3 min at 72°C.

Following amplification of the DNA sequences, Sanger sequencing was performed on all 23 samples according to the TSINGKE protocol. The sequencing traces were visualized using Codon Code Aligner software version 6.0.2 (TSINGKE) to confirm the presence of candidate mutations.

### Statistical analysis

Statistical analyses were performed using SPSS software (v20.0; IBM Corp.). Statistical comparisons of *MEN1* mutation status were performed using Fisher\'s exact test. The χ^2^ test was used to analyze ordinal variables and unpaired Student\'s t-test was used to test continuous data. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Clinical features

In the present study, 57 (0.7%) patients met the criteria for PAM. The average age was 54.2±9.8 years (range 20--71 years), with 44 female and 13 male patients. Compared with patients with MEN-1 (734 cases stated in the previous study) ([@b14-ol-0-0-11601]), there was a significant association between PAM and the female sex (P=0.004; [Fig. 1A](#f1-ol-0-0-11601){ref-type="fig"}). The age of tumor penetrance is the age of patients at diagnosis. The age of tumor penetrance for PAM was significantly higher than for patients with MEN-1 ([@b14-ol-0-0-11601]). The penetrance rate of MEN-1 syndrome-related tumors before the age of 40 was 94%, but only 25% for PAM ([Fig. 1B](#f1-ol-0-0-11601){ref-type="fig"}). Only one patient out of the 119 patients with SPA sequenced on the HiSeq X10 platform harbored the hotspot site (*MEN1* c.1523G\>A; p.G508D). The difference was statistically significant (P=0.0004; [Fig. 2A](#f2-ol-0-0-11601){ref-type="fig"}). Compared with wild-type *MEN1*, patients with a *MEN1* mutation were more likely to suffer from a recurrence of pituitary adenoma, develop a pituitary adenoma at a younger age and suffer from a larger diameter of the meningioma (P\<0.05; [Fig. 2B-D](#f2-ol-0-0-11601){ref-type="fig"}).

### Pituitary adenoma and meningioma components do not share a common clone origin in PAM

Pituitary adenoma and meningioma samples obtained from one patient with PAM, indicated in [Fig. 3A](#f3-ol-0-0-11601){ref-type="fig"}, were subjected to WES. The average depths of WES were 500× for the tumor samples and 100× for the peripheral blood samples. There were 47 somatic SNVs in the pituitary adenoma and 280 somatic SNVs in the meningioma. To explore the relationship between pituitary adenoma and meningioma components in the same patient, somatic SNVs were classified as ubiquitous (present in both tumor components) or private (only present in a single tumor). Only four somatic SNVs were present in both the pituitary adenoma and meningioma samples ([Fig. 3B](#f3-ol-0-0-11601){ref-type="fig"}). These data indicated that it is likely that SNVs in pituitary adenoma and meningioma components accumulated independently. In addition, clonal analyses suggested different mutation clusters for the patient with PAM after adjusting for CCF in the samples using PyClone ([Fig. 3C](#f3-ol-0-0-11601){ref-type="fig"}). To further explore the clonal structure of PAM, phylogenetic trees were constructed using somatic non-synonymous SNVs. The results revealed a short trunk length, which suggested that PAM may be of polyclonal origin ([Fig. 3D](#f3-ol-0-0-11601){ref-type="fig"}).

The aforementioned results, obtained by analyzing somatic mutations, clonal analyses and phylogenetic tree construction, implied that pituitary adenoma and PAM do not originate from a common progenitor.

### Gene screening for PAM predisposition

SNVs/InDels in a single tumor sample lacking a matched control were obtained through alignment with the UCSC Human Genome Reference hg19 using SAMtools. A total of 131 *MEN1* SNVs/InDels were identified in all the samples. The 46 variants that were non-synonymous mutations in protein-coding regions were selected for further investigation. In addition, polymorphisms of somatic SNVs and InDels referenced in the 1000 Genomes Project ([@b21-ol-0-0-11601]) or Exome Aggregation Consortium ([@b22-ol-0-0-11601]) with a minor allele frequency \>1% were removed. The hotspot site rs375804228 (*MEN1* c.1523G\>A; p.G508D), which was found in 5 of 23 patients with PAM, was further investigated ([Fig. 4](#f4-ol-0-0-11601){ref-type="fig"}). However, the patients did not have MEN-1 syndrome-related symptoms, and the imaging examination and laboratory investigations were not indicative of MEN-1 syndrome. Five patients with MEN1 germline mutation (*MEN1* c.1523G\>A; p.G508D) were analyzed using Sanger sequencing. Two patients had a pituitary adenoma sample and a matched blood sample, one patient had a meningioma sample and a matched blood sample, and one patient had only pituitary adenoma sample. MEN1 germline mutations (*MEN1* c.1523G\>A; p.G508D) were detected in these samples. Patient 2 had a loss of heterozygosity on *MEN1* c.1523G\>A; p.G508D in the pituitary adenoma sample, which may contribute to tumorigenesis in PAM ([Fig. 5](#f5-ol-0-0-11601){ref-type="fig"}).

Discussion
==========

Pituitary adenoma and meningioma are the most common benign tumors in the CNS ([@b9-ol-0-0-11601]). A total of 57 novel PAM cases were identified from 8,197 pituitary adenoma cases in the present study. Khandwala *et al* ([@b23-ol-0-0-11601]) reported that the levels of growth hormone (GH) and *insulin-like growth factor 1* may play an important role in the tumorigenesis of PAM. However, in the present study, there were only six patients with GH pituitary adenoma. There may be a common genetic mechanism leading to PAM, particularly mutations of tumor suppressor genes. The present study used somatic mutation and clonal analyses to reveal that, in PAM, the pituitary adenoma and meningioma were not found to originate from a common progenitor. Therefore, the most likely explanation for the development of PAM is a genetic predisposition.

The present study revealed that 5/23 patients with PAM had the same germline mutation in *MEN1* (c.1523G\>A; p.G508D), compared with 1/119 patients with SPA. Therefore, the germline mutation may be a genetic risk factor for the development of PAM. However, the results of the present study showed that there were significant differences between PAM and MEN-1 syndrome ([Table SII](#SD1-ol-0-0-11601){ref-type="supplementary-material"}). Both sexes are equally affected, with no geographical, racial or ethnic differences ([@b13-ol-0-0-11601]). Mutated forms of *MEN1* include nonsense mutations, missense mutations, frameshifts and insertions. In addition, previous studies revealed that certain endocrine tumors, as well as non-endocrine tumors, such as skin tumors, lipomas and carcinoids, are associated with patients with MEN-1 syndrome ([@b24-ol-0-0-11601],[@b25-ol-0-0-11601]). CNS tumors, including ependymomas, schwannomas and meningiomas, have rarely been reported in patients with MEN-1 or MEN-1 variant syndromes ([@b13-ol-0-0-11601],[@b26-ol-0-0-11601]). For patients with PAM, related tumors include pituitary adenoma and meningioma, and the age of tumor penetrance for PAM is significantly higher than that for patients with MEN-1 syndrome ([@b14-ol-0-0-11601]). In the present study, the penetrance rate of tumors related to MEN-1 syndrome was 94% in patients \<40 years old, but was only 25% for patients with PAM. Furthermore, compared with patients with MEN-1 syndrome, there was a significant association between PAM and the female sex. Additionally, the mutated form of PAM only included a missense mutation.

The present study has some limitations. This is a retrospective study and the incidence of PAM is low. The number of meningioma specimens from patients with PAM collected for exome sequencing is also low. Samples will continue to be collected for further study. More experiments and data may be needed to support this study in the future.

The present study revealed that the pituitary adenoma and meningioma tissues obtained from one patient with PAM did not originate from a common progenitor. The germline mutation *MEN1* (c.1523G\>A; p.G508D) may serve as a genetic predisposition for PAM. Compared with wild-type *MEN1*, there was a significant association between *MEN1* mutation and recurrence of pituitary adenoma, young age and larger diameter of the meningioma.
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![Analysis of the clinical variables of patients with PAM and MEN-1 syndrome. (A) Sex differences (χ^2^ test) and (B) age of tumor penetrance in patients with PAM and MEN-1 syndrome. \*\*P\<0.01. MEN-1, multiple endocrine neoplasia 1; PAM, pituitary adenoma associated with meningioma; SM, sporadic meningioma; SPA, sporadic pituitary adenoma.](ol-20-01-0561-g00){#f1-ol-0-0-11601}

![Germline mutation of *MEN1* (c.1523G\>A; p.G508D) may serve as a genetic predisposition factor for PAM. (A) Germline mutation of *MEN1* (c.1523G\>A; p.G508D) in patients with PAM and SPA (χ^2^ test). (B) Recurrence rate of pituitary adenoma in patients with PAM with WT and MT *MEN1* (Fisher\'s exact test). (C) Age difference between patients with PAM with WT and MT *MEN1* (unpaired Student\'s t-test). (D) Difference in meningioma diameter between WT and MT *MEN1* in PAM (unpaired Student\'s t-test). \*P\<0.05, \*\*\*P\<0.001. *MEN1*, multiple endocrine neoplasia 1; MT, mutant type, 5 cases; PAM, pituitary adenoma associated with meningioma; SPA, sporadic pituitary adenoma; WT, wild type, 18 cases.](ol-20-01-0561-g01){#f2-ol-0-0-11601}

![Pituitary adenoma and meningioma in PAM do not originate from a common progenitor. (A) Magnetic resonance imaging revealed the tumor sites in patients: 1, pituitary adenoma; 2, meningioma. (B) A Venn diagram was used to examine the relationship of somatic mutations between the pituitary adenoma (green circle) and meningioma (yellow circle) in a patient with PAM. The different number represents the number of somatic mutations for corresponding samples and the overlapped regions are ubiquitous somatic mutations between two concurrent tumor components in the same patient with PAM. (C) Two-dimensional scatter plots show the CCF of the mutations in the pituitary adenoma and meningioma components of tumors. The clusters off the axes indicate mutations in both of tumor components. The clusters on the axes reveal mutations in either pituitary adenoma or meningioma components. (D) The inferred phylogenetic trees of the patient with PAM. Fraction of ubiquitous non-synonymous somatic mutations (trunk; gray bar) and unique non-synonymous somatic mutations (branch; blue bar for pituitary adenoma and pink bar for meningioma) reveal the relationship between the two tumor samples obtained from a patient with PAM. CCF, cancer cell fraction; PAM, pituitary adenoma associated with meningioma.](ol-20-01-0561-g02){#f3-ol-0-0-11601}

![Flowchart of gene screening in PAM. FFPE, formalin-fixed and paraffin-embedded; Indels, Insertions/deletions; MEN1, multiple endocrine neoplasia 1; PAM, pituitary adenoma associated with meningioma; PAs, pituitary adenomas; SNP, single nucleotide polymorphism; WES, whole exome sequencing.](ol-20-01-0561-g03){#f4-ol-0-0-11601}

![Imaging and Sanger sequencing of 5 patients with PAM carrying the germline mutation *MEN1* c.1523G\>A; p.G508D. Red arrows indicate mutated bases, yellow arrows indicate meningioma, green arrow indicate pituitary adenoma. Patient 1 had pituitary adenoma and right temporal meningioma and possessed the germline mutation *MEN1* c.1523G\>A; p.G508D. Patient 2 had pituitary adenoma and convex meningioma had loss of heterozygosity on *MEN1* c.1523G\>A; p.G508D. Patient 3 had pituitary adenoma and left cerebellopontine angle meningioma and possessed the germline mutation *MEN1* c.1523G\>A; p.G508D. Patient 4 had pituitary adenoma and tuberculum sellae meningioma and possessed the germline mutation *MEN1* c.1523G\>A; p.G508D. Patient 5 had pituitary adenoma and convex meningioma and possessed the germline mutation *MEN1* c.1523G\>A; p.G508D. B, blood; P, pituitary adenoma; M, meningioma; MEN1, multiple endocrine neoplasia 1; PAM, pituitary adenoma associated with meningioma.](ol-20-01-0561-g04){#f5-ol-0-0-11601}
